Introduction
Photosystem II (PSII) is a photosynthetic enzyme and found in oxygenic photosynthetic organisms such as plants, algae and cyanobacteria. This enzyme is able to absorb solar light and then to split water molecules into oxygen molecules, protons and electrons. Since PSII is the only known water oxidation enzyme, understanding its protein structure [1, 2] and reaction mechanism [3] inspires us to develop PSII-based photochemical devices [4] [5] [6] or PSII-inspired artificial water oxidation catalysts [7] [8] [9] [10] [11] [12] for the sustainable production of solar fuels.
To study PSII on its efficient photocatalytic water oxidation or complicated internal electron transfer relay [13] , PSII is isolated from oxygenic photosynthetic organisms such as thermophilic cyanobacteria. The isolated PSII, however, is quite unstable under light irradiation because it has neither repairing machinery nor electron acceptors for photo-excited electrons, which cause the degradation of PSII [14, 15] . Thus, the isolated PSII must be carefully handled in the dark until photochemical experiments, and exogenous electron acceptors such as 1,4-quinone derivatives [16, 17] , transition metal complexes [6, [17] [18] [19] and redox proteins [20, 21] are necessary during photochemical experiments, where electron acceptors extract electrons from PSII and maintain photocatalytic cycles of PSII. 5 For photoelectrochemical studies on PSII, electrode substrates work as electron acceptors and extract photo-excited electrons generated in PSII on electrode substrates, resulting in photocurrent generation involving oxygen evolution catalyzed by PSII. The slow electron transfer kinetics from PSII to the electrode substrate is known to cause photo-degradation of PSII. Thus, electrode substrates used are important to achieve high photocatalytic activity and stability of PSII photoanodes. Many electrode materials such as indium-tin oxide [5, [22] [23] [24] , titanium dioxide [25, 26] , Ti-doped Fe 2 O 3 [27] and redox polymer [4, 24, [28] [29] [30] have been studied on PSII photoanodes. Two interfacial electron transfer pathways to the electrode substrate are known from the primary plastoquinone Q A and from the secondary plastoquinone Q B [22] . The internal electron transfer from Q A to Q B in PSII is a slow electron transfer process and is known to cause photodamage to PSII [13, 31] . Thus, the use of electrode substrates that are able to efficiently pick up photo-excited electrons from the Q A site of PSII might improve photo-activity and stability of PSII photoanodes, possibly opening up new possibilities in enzymatic photovoltaic or water splitting devices with PSII [4, 5] .
Herein, we report photocatalytic activity and stability of bio-inorganic photoanodes of PSII for visible-light-driven water oxidation (Fig. 1 Teflon-lined autoclave, and the clean ITO slides were vertically placed in the solution.
The autoclave was sealed and heated in an oven at 90 °C for 9 h. After that, the autoclave was naturally cooled to room temperature in the oven. The resulting MgAl-CO 3 LDH/ITO slides were taken out from the autoclave, rinsed with water and then dried under air. was transferred to a Teflon-lined autoclave and the cleaned ITO slides were vertically placed in the solution. The autoclave was sealed and heated at 95°C for 6 h. After that, the autoclave was naturally cooled to room temperature in the oven. The resulting CoAl-CO 3 LDH/ITO slides were removed from the autoclave, rinsed with water and dried at room temperature under air.
Preparation of CoAl-CO 3 LDH on ITO

Decarbonization and anion exchange for MAl-CO 3 LDH to obtain MAl-[Fe(CN) 6 ] (M = Mg or Co)
The decarbonization of the as-prepared MAl-CO 3 LDH/ITO was carried out by treating with a salt-acid mixed solution as described in the literature [40, 41] . One slide Nicolet iS5 FT-IR spectrometer using an iD5 Diamond ATR accessory.
Electrochemical measurements
All electrochemical measurements were carried out using an Ivium CompactStat potentiostat. A conventional three-electrode setup was used: the platinum mesh counter electrode, the Ag|AgCl (3 M NaCl) reference electrode and a working electrode. 6 ] at pH 6.5 was used. All electrochemical data were recorded at 24 °C. A light source of MME-250 (SCHOTT MORITEX Corporation) was used with an IR and a red-pass filter (> 600 nm) for standard photoelectrochemical measurements. Light intensities were determined using a light meter (LI-250A, LI-COR Biosciences). All potentials vs Ag|AgCl (3 M NaCl)
were converted to NHE by adding +0.21 V. The geometrical surface area exposed to the electrolyte solution was 0.5 cm 2 . All photocurrent densities reported in this work are normalized to the projected geometrical surface area of the electrode. 12 For photocurrent action spectrum measurements, a xenon light source MAX-303
(300 W, Asahi Spectra Co., Ltd.) equipped with a mirror module for visible light irradiation (450 nm−800 nm) was used as a light source. Band pass filters (MX0600−MX0720, Asahi Spectra Co., Ltd.) were also used to obtain visible light with a specific wavelength. Light intensities were measured and adjusted using a power meter PM30 (THORLABS, Inc.) with a power sensor S120UV (THORLABS, Inc.).
Immobilization of PSII on electrodes
After control experiments of an LDH electrode without PSII, the electrode was taken out from the electrochemical cell and 1 μL of a PSII solution (3.7 mg Chl mL -1 for the standard PSII and 3.9 mg Chl mL -1 for PSII PsbA3 ) was drop-cast on the electrode.
The electrode was kept at room temperature in the dark for 10 min and rinsed with 1 mL of the electrolyte solution.
Determination of photocurrent densities, incident-photon-to-current conversion efficiency, turnover frequencies and turnover numbers of PSII-LDH electrodes
Photocurrent responses of PSII-LDH electrodes were recorded with three or four light cycles of light irradiation for 3 min followed by the dark for 3 min each.
Photocurrent intensities are defined as the difference between the dark current before 13 the start of irradiation and the photocurrent before the end of irradiation (i.e., 3 min after the start of irradiation).
Incident-photon-to-current conversion efficiencies (IPCEs) were determined using the following equation [26] :
where j, P and λ denote a photocurrent density, the incident photon flux and the wavelength of the incident light, respectively. All incident photons were assumed to be absorbed by the photoanode. The final concentration of DCMU was 1 mM.
Data analysis
All experiments were carried out at least three times with different samples. The data were analysed as follows: considering a sample of n observations x i , the unweighted mean value (x u ) along with its standard deviation (σ) was calculated using the following equations:
Results and discussion
LDHs were directly grown on ITO-coated glass substrates based on a urea hydrolysis method, which provides strong adhesion between LDH and the substrate and is suitable for preparation of LDH-modified electrodes [32, 33, 39] . species [45] . Peak shifts for the (003) diffraction to lower 2θ angles were observed in XRD patterns after the anion exchange (Fig. S2) , indicating that the increase in basal distance involved the intercalation of ferricyanide, which is larger than carbonate [45] .
The XRD pattern of CoAl-[Fe(CN) 6 ] also showed peak broadening, compared with that of the as-prepared one, suggesting that the crystallinity decreased during the intercalation process, although no obvious morphology change was observed in SEM images (Fig. S3) . Cyclic voltammograms of MAl-[Fe(CN) 6 ] showed redox waves ( originated from ferricyanide anions that were intercalated into LDHs. The peak positions of the redox waves observed for MAl-[Fe(CN) 6 were different from those of the redox couple of ferricyanide in the electrolyte solution (Fig. S5b) , which means that the electron transfer rate of ferricyanide might be influenced by the interaction, compared with that in solution.
Photocurrent responses of PSII-modified and unmodified electrodes were recorded at +0.5 V vs NHE at pH 6.5 under red light irradiation (Fig. 3A) . The photocurrent measurements have revealed that the intact PSII is required to observe photocurrent responses. The MAl-[Fe(CN) 6 ] LDH electrodes without PSII showed no photocurrent (Fig. 3A) . CoAl-[Fe(CN) 6 ] modified with Mn-depleted PSII, which lacks the oxygen evolving complex of the Mn 4 CaO 5 cluster [37] , gave rise to almost no photocurrent (Fig. 3A) . A photocurrent action spectrum of CoAl-[Fe(CN) 6 ]|PSII was recorded and in good agreement with the absorption spectrum of PSII (Fig. 4) . These results allow us to confirm that photocurrent responses originate from photoelectrochemical water oxidation driven by PSII. An incident-photon-to-current conversion efficiency (IPCE) at 680 nm was determined to be approximately 0.010%
for CoAl-[Fe(CN) 6 ]|PSII.
Control experiments confirm that the use of not only the intact PSII but also ferricyanide is important to observe photocurrent responses in our system. MAl-CO 3 electrodes modified with PSII showed almost no photocurrent, whereas MAl-[Fe(CN) 6 ] with PSII did (Fig. 3A) . Since MAl LDHs are insulators, it is most likely that the intercalated ferricyanide anions mediate the electron transfer from the PSII to the ITO substrate. A minimum bias potential of +0.4 V vs. NHE was required to observe photocurrent responses (Fig. S6) . 6 ]. This is in good agreement with the thickness of MAl LDH on ITO (Fig. 2) . Photocurrent densities and amounts of PSII allowed us to calculate TOFs of PSII ( 6 ] and showed such a comparable TOF. This result might be related to efficient interfacial electron transfer from PSII to CoAl-[Fe(CN) 6 ] and/or orientation of PSII on the cationic LDH nanosheets. In a previous report, the co-immobilization of PSII with a redox-active osmium polymer gave a TOF of up to 4.0±0.1 s -1 [24] , which is higher than the TOF reported in this work. These results suggest that some PSII complexes on CoAl-[Fe(CN) 6 ] have orientations that are unfavorable for the interfacial electron transfer. 19 To gain insights into the interfacial electron transfer, an herbicide DCMU was added into the electrolyte solution and then photocurrent responses of CoAl-[Fe(CN) 6 ]|PSII were recorded. DCMU is known to serve as an electron transfer inhibitor from Q A to Q B [21, 46] . Even in the presence of DCMU, photocurrent densities of 1.3±0.02 µA cm -2 , corresponding to approximately 56% of the residual photocurrent response, were observed (Table 1 ). This percentage is higher than that previously reported on a PSII-ITO photoanode (~30%) [22] . Thus, the CoAl- ).
[b]
Amounts of PSII per electrode were determined from UV-vis absorption spectra of Chlorophyll a extracted from PSII immobilized on electrodes.
[c] TOFs in mol O 2 (mol PSII) -1 were calculated from the amounts of PSII and photocurrent densities assuming 100% of electrons collected by the electrode were consumed for the O 2 evolution by PSII.
[d] The electrolyte solution containing 1 mM DCMU was used.
[e] PSII PsbA3 was used.
